To establish and maintain their polarized morphology, neurons employ active transport driven by cytoskeletal motor proteins to sort cargo between axons and dendrites. These motors can move in a specific direction over either microtubules (kinesins, dynein) or actin filaments (myosins). The basic traffic rules governing polarized transport on the neuronal cytoskeleton have long remained unclear, but recent work has revealed several fundamental sorting principles based on differences in the cytoskeletal organization in axons versus dendrites. We will highlight the basic characteristics of the neuronal cytoskeleton and review existing evidence for microtubule and actin based traffic rules in polarized neuronal transport. We will propose a model in which polarized sorting of cargo is established by recruiting or activating the proper subset of motor proteins, which are subsequently guided to specific directions by the polarized organization of the neuronal cytoskeleton.
Introduction
A neuron's ability to receive, process and transmit information depends on its polarized organization into axons and dendrites (Craig and Banker, 1994) . Axons propagate signals from the cell body to other target cells, whereas dendrites receive signals from axons, with the vast majority of the excitatory input occurring at specialized dendritic Molecular and Cellular Neuroscience 46 (2011) 9-20 microdomains called dendritic spines (Sheng and Hoogenraad, 2007) . Many neurons have multiple~100-300 μm long dendrites and only a single axon, which is much longer and undergoes extensive branching to enable signaling to multiple neurons. While axon diameter remains relatively constant, dendrites taper as they leave the cell body and decrease in diameter as they branch, resulting in a so-called dendritic tree.
In addition to these general morphological features, several other specialized structures have been recognized as distinct neuronal compartments. For example, the axon hillock, or initial segment of the axon, is a specialized part of the neuron that separates the cell body from the axon (Ogawa and Rasband, 2008) . Concentration of voltagegated sodium channels in the beginning of the axon permits this region to function as a decision point in action potential generation (Lai and Jan, 2006) . Another example of neuronal compartmentalization is the polarized localization of the protein synthesis machinery, which is predominantly localized in the cell body and proximal dendrites (Bramham and Wells, 2007; Kiebler and Bassell, 2006) . Moreover, recent studies provide evidence that Golgi outposts are exclusively found along dendrites in mammalian and Drosophila neurons and regulate extension and retraction of dendritic branches (Hanus and Ehlers, 2008) .
Perhaps the best-studied regional and polarized specializations of neurons are the chemical synapses, highly specialized asymmetric structures that pass neurotransmitters from a presynaptic neuron to a postsynaptic cell. Excitatory synaptic signaling in the brain predominantly occurs by releasing glutamate from synaptic vesicles at the axonal presynaptic terminal and activating glutamate receptors at the dendrites of receiving neurons (Sheng and Hoogenraad, 2007; Sudhof, 2004) . These postsynaptic glutamate receptors act as selective ion channels that influence membrane potential to regulate neuronal excitation and firing and ensure the directional flow of information. Proper asymmetric synaptic organization is essential for accurate synaptic signaling, neural network activity and cognitive processes such as learning and memory formation (Kasai et al., 2010; Lisman et al., 2007; Yuste and Bonhoeffer, 2001) .
Recent studies have used genetic and proteomic strategies to identify the molecular components of both pre-and postsynapses and have revealed that the specification of functional synapses is achieved through the recruitment and assembly of specific synaptic complexes (Sheng and Hoogenraad, 2007; Ziv and Garner, 2004) . But how is the polarized distribution of the pre-and postsynaptic cargos established in neurons? Most synaptic receptors and membrane proteins are synthesized and preassembled in the neuronal cell body and need to be transported to the proper synaptic destinations. Studies on polarized trafficking have demonstrated various mechanisms for compartment-specific localization (Goldstein and Yang, 2000; Hirokawa and Takemura, 2005; Sampo et al., 2003; . For example, several polarized cargos are non-specifically transported to both axons and dendrites and are then selectively retained at the required compartments (Bel et al., 2009; Garrido et al., 2001; Leterrier et al., 2006; Sampo et al., 2003; Wisco et al., 2003) . Alternatively, many presynaptic components are correctly sorted into axons (Kaether et al., 2000; Pennuto et al., 2003) whereas postsynaptic receptors move specifically into dendrites (Craig et al., 1993; Ruberti and Dotti, 2000; Stowell and Craig, 1999) . Importantly, several neurological disorders are linked to abnormalities in cellular machinery that controls synaptic cargo trafficking and underscore the importance of polarized cargo trafficking pathways in neurons (ChevalierLarsen and Holzbaur, 2006; Gunawardena and Goldstein, 2004; Lau and Zukin, 2007; Shepherd and Huganir, 2007; .
Most intracellular cargo transport is driven by cytoskeletal motor proteins that can move along two types of polar cytoskeletal biopolymers: actin filaments and microtubules (Schliwa and Woehlke, 2003; Vale, 2003) . Actin facilitates motility of motor proteins of the myosin superfamily, whereas microtubules serve as tracks for two families of motor proteins, kinesin and dynein, which move in opposite directions. Many different motor proteins have been found to participate in neuronal cargo trafficking (Goldstein and Yang, 2000; Hirokawa and Takemura, 2005) , but for many of these their precise contribution to polarized transport has remained unclear. Most current models for polarized transport rely heavily on microtubule plus-end directed kinesin family members (Hirokawa and Takemura, 2005) . Nevertheless, recent work reported important roles for dynein and myosin in polarized cargo sorting Lewis et al., 2009; Zheng et al., 2008) .
To understand how specific motors contribute to polarized transport, it is important to consider the precise cytoskeletal organization of neurons. It is well established that the cytoskeleton of neurons is specialized in several ways, involving intracellular variations in density, orientations, binding proteins and post-translational modifications. Recently, it has become increasingly clear that all these cytoskeletal properties directly modulate the activity of specific motor proteins. This suggests that the specialized microtubule and actin cytoskeletal organization inside neurons exists to facilitate polarized transport by guiding specific motor proteins to specific directions. In this review, we will further develop this idea by reviewing existing evidence for cytoskeleton-related mechanisms underlying polarized neuronal cargo transport.
The neuronal cytoskeleton
To better understand how microtubule and actin dependent motor proteins may contribute to polarized transport in neurons, it is important to know more about differences in cytoskeletal organization. In this section, we will review current knowledge about the microtubule and actin cytoskeleton in fully differentiated neurons (Fig. 1) .
Microtubule organization in mature neurons

Microtubule orientations
Microtubules are hollow fibers of 25 nanometer diameter, assembled from α-and β-tubulin heterodimers that line up head-to-tail to form asymmetric protofilaments, 13 of which join together to establish the cylindrical microtubule lattice. Their long persistence length allows microtubules to span long distances inside cells. Whereas in vitro microtubules can assemble from purified tubulin alone, in cells microtubules are predominantly nucleated from templates formed by gamma-tubulin ring complexes. These complexes cap the microtubule minus ends and microtubules therefore only elongate at their plus end. Most microtubule plus ends cycle between growing and shrinking in a process named dynamic instability. The growing plus end selectively recruits a broad class of proteins called +TIPs (plus-tip interacting proteins) (Akhmanova and Steinmetz, 2008) , which can modulate microtubule dynamics and are also involved in various morphological processes, for example the regulation of actin dynamics (Jaworski et al., 2009) .
Microtubules are present throughout mature neurons in the cell body and axonal and dendritic compartments (Conde and Caceres, 2009) . In dendrites microtubules are predominantly located to the shaft, although recent live-cell experiments also revealed the transient entry of microtubules into dendritic spines, an actin-rich region long thought to be devoid of microtubules (Hu et al., 2008; Jaworski et al., 2009 ). Because microtubule-based motor proteins exploit the intrinsic polarity of microtubules to drive transport to either the plus or minus end, knowing the precise microtubule orientations is key to understand microtubule-based transport in neurons.
Important early work examined microtubule orientations in axons and dendrites using the so-called hook-decoration methods in combination with electron microscopy. In this method (Heidemann and McIntosh, 1980) , exogenous tubulin present during lysis forms curved protofilament sheets along microtubules that appear as hooks when view in cross section and can be used to infer microtubule orientation. This revealed that whereas in axons microtubules are uniformly oriented with their plus end pointing outward, microtubules in mature dendrites have mixed orientations with many minus ends pointing outward (Baas et al., 1988; Burton, 1988) (Fig. 1) .
Subsequent work carefully examined the distribution of plus-and minus-end distal microtubules during development . Dissociated neurons grown in culture develop into polarized cells through a sequence of developmental stages (Dotti et al., 1988) . Cells are plated as small cells without protrusions (stage 1), which emerge soon after (stage 2). One to two days after plating, a single neurite develops into a rapidly growing axon, whereas the other neurites remain similarly sized (stage 3) until they start to develop into dendrites some days later (stage 4). Finally, synapses are formed between dendrites and axons and spines emerge on the dendrites (stage 5). Analysis of microtubule orientations in different developmental stages revealed that minus-end distal microtubules in dendrites emerge during stage 4 of development when dendrites begin to establish their specialized morphology . In stage 5 of development, when synaptic connections are set up, both microtubule orientations are equally abundant in proximal dendrites. In more distal dendrites, however, plus end out microtubules still dominate. Remarkably, the data from this early work suggests that the overall distribution of microtubules scales with dendrite length in such a way that orientations are equally mixed up to the dendrite's midpoint, from where distal plus-end distal orientations gradually start to dominate Kapitein et al., 2010) (Fig. 1) .
Although the hook-decoration method is an elegant and very direct approach to assess microtubule orientation, it requires tedious experimentation to examine only a small number of cultured, dissociated neurons. Therefore, it remained uncertain whether mixed microtubule orientations are a general feature of neuronal dendrites until this issue was addressed by second-harmonic generation (SHG) microscopy (Dombeck et al., 2003) . Contrast in SHG microscopy comes from ordered arrays of non-centrosymmetric molecules, such as collagen or microtubules. Therefore, no signal is generated if microtubules are oriented without uniform polarity. Consistent with the early electronmicroscopy data, the first SHG study using dissociated neurons as well as hippocampal slices detected SHG in axons, but not dendrites (Dombeck et al., 2003) . Follow-up work from the same group, however, examined older mice (P34 and adult) and reported increased SHG in the apical dendrites of CA1 hippocampal neurons compared to P13 mice (Kwan et al., 2008) . This indicates that in specific dendrites the microtubule array becomes more polarized during development. Importantly, from these studies it is not clear whether in these dendrites the majority of microtubules are oriented minus-end distal or oppositely.
A major disadvantage of SHG microscopy for the study of microtubules are the poor contrast due to low signal levels and the photodamage induced by the high intensities required to induce nonlinear polarization (Dombeck et al., 2003) . These issues have limited the use of SHG microscopy for more detailed study of microtubule organization in neurons. Instead, the most widespread current method to examine cellular microtubule orientations is the time-lapse imaging of cells expressing fluorescently labeled +TIPs, such as EB3-GFP (Stepanova et al., 2003) . These proteins maintain a comet-shaped distribution at the growing plus end of microtubules, which can be traced over time and reports the orientation and growth characteristics of the microtubules (Stepanova et al., 2010) . However, it is important to note that, since this method relies on signals correlated with microtubule growth it cannot probe the orientation or existence of stabilized, non-growing microtubules. The method was first applied to immature cultured hippocampal neurons and mature Purkinje cells (Stepanova et al., 2003) . Consistent with the EM and SHG work, comets in immature dissociated hippocampal neuron cultures predominantly moved outward, whereas comets in dendrites from fully developed Purkinje cells moved both inward and outward. Recent work in mature hippocampal neurons also revealed both anterograde as retrograde comet motility in dendrites (Jaworski et al., 2009; Kollins et al., 2009) . Remarkably, the use of EB1-GFP tracking in Drosophila sensory and motor neurons provided strong evidence that in all these neurons, dendritic microtubules are oriented with distal minus ends (Rolls et al., 2007; Stone et al., 2008) . It will be interesting to determine whether all Drosophila dendrites share this microtubule organization or if it is specific to the peripheral nervous system.
Remarkably, neurons that lose their axons can develop a new axon out of an existing dendrite (Bradke and Dotti, 2000; Gomis-Ruth et al., 2008) . Such identity changes involve a major reorganization of the dendritic microtubule network into an ordered array of plus-end out Microtubule plus-ends and actin filament plus-ends (barbed ends) are marked with boxes. Graph shows the fraction of microtubules with distal minus-ends as a function of dendritic length, scaled to unit length Kapitein et al., 2010) .
MTs, as was first shown using electron microscopy (Takahashi et al., 2007) . Recent work used EB1-GFP imaging to examine the dynamics of dendritic microtubule reorganization upon axon lesion in Drosophila neurons (Stone et al., 2010) . Axon lesion induced an increase in the number of dynamic microtubules as well as the emergence of plusend out microtubules in most dendrites after 24 h. In most cases, following another 24 h, the dendrite closest to the initial axon had acquired a uniform array of plus-end out oriented microtubules and would become the new axon, whereas microtubule orientations in the other dendrites had returned to their initial minus-ends out configuration (Stone et al., 2010 ). These results demonstrate that neurons take great care in ensuring their microtubule orientations differ between axons and dendrites.
Microtubule modifications
In addition to dynamic microtubules, which turn over with a half life of several minutes, mature neurons contain a large population of stable microtubules resistant to the microtubule depolymerizing agent nocodazole and with half lives exceeding several hours (Conde and Caceres, 2009 ). Stable microtubules typically accumulate a variety of post-translational modifications (Ikegami and Setou, 2010; Verhey and Hammond, 2009; Westermann and Weber, 2003) . Some of these modifications are believed to further increase microtubule stability, for example by reducing the activity of microtubule depolymerases (Peris et al., 2009) . Two common microtubule modifications found in neurons are detyrosination and acetylation (Fukushima et al., 2009) .
Detyrosination involves the removal of the C-terminal tyrosine of alpha-tubulin from polymerized microtubules (Ikegami and Setou, 2010) . Removal of this tyrosine affects the binding of CAP-Gly (Cytoskeleton-Associate Protein-glycine-rich) domain containing + TIPs to the plus end (Peris et al., 2006) and reduces microtubule disassembly by the microtubule depolymerase mitotic centromereassociated kinesin (MCAK) (Peris et al., 2009) . Only lattice-incorporated alpha-tubulin undergoes detyrosination, permitting the detection of freshly polymerized, dynamic microtubules through the use of specific antibodies to the C-terminal tyrosin of alpha-tubulin. Upon microtubule depolymerization, released tubulin heterodimers regain their C-terminal tyrosine through the action of tubulin tyrosine ligase (TTL). Detyrosinated microtubules are enriched in axons, suggesting that axons have more stable microtubules than dendrites (Hammond et al., 2010; . On the other hand, recent work that examined the turnover of neuronal microtubules reported that microtubules in axons and dendrites have similar stability, indicating that microtubule lifetime is not the predominant cause for the axonal enrichment of detyrosinated microtubules in axons (Hammond et al., 2010) . Instead, it was proposed that the activity of tubulin modifying enzymes differs between axons and dendrites (Hammond et al., 2010) . Importantly, mutant mice that lack the gene for TTL die shortly after birth because of neuronal disorganization, including premature axon specialization (Erck et al., 2005) . In these mutant mice, axons as well as dendrites predominantly contained detyrosinated microtubules, suggesting that the axonal enrichment of detyrosinated microtubules is a key determinant of proper neuronal polarization.
Acetylation modifies lysine 40 of alpha-tubulin. Remarkably, this residue is presumably oriented at the inside of the microtubule. Although both dendrites and axons have high levels of acetylated microtubules, the ratio of acetylated/tyrosinated microtubules is lower in dendrites, indicating that dendrites have an increased fraction of dynamic microtubules (Hammond et al., 2010; . Acetylated microtubules are especially abundant in the distal and middle regions of the axon (Hammond et al., 2010; . The selective enrichment of acetylated microtubules in developing axons can be abolished by inhibition of a known alpha-tubulin deacetylase histone deacetylase 6 (HDAC6) (Hammond et al., 2008; Reed et al., 2006) . This suggests that in normal situations deacetylase activity is increased in dendrites, rather than the acetylation reaction being restricted to the axon (Hammond et al., 2010) .
Because detyrosination and acetylation predominantly occur on long-lived microtubules, the spatial distributions of these modifications strongly overlap. On the other hand, overlap between the modifications could be incomplete, because in current models the reverse reaction of tyrosination is restricted to free tubulin, whereas deacetylation can also occur on polymerized tubulin (Hammond et al., 2008; Ikegami and Setou, 2010) . In other words, unlike detyrosinated microtubules, acytelated microtubules can lose their modification without disassembling.
Microtubule associated proteins
Microtubules are known to interact with an immense number of microtubule associated proteins (MAPs) that can affect many aspects of microtubule function, including their dynamics and overall organization (Gache et al., 2010) . Two abundant neuronal MAPs whose distributions are polarized between axons and dendrites are tau and MAP2 (Dehmelt and Halpain, 2005) . MAP2 is exclusively located to dendrites, where it decorates stable microtubules. Tau is present in both axons and dendrites, but is enriched in the distal axon. Expressing tau and MAP2 in non-neuronal cells induces the formation of microtubule bundles with a distinct spacing between microtubules of 20 nm and 65 nm, respectively (Chen et al., 1992) . This spacing nicely corresponds with the spacing found between microtubules in dendrites (65 nm) and small caliber axons without neurofilaments (20 nm), suggesting that tau and MAP2 are involved in the proper spatial organization of the neuronal microtubules. In addition, there are several indications for a role of MAP2 in dendritic remodeling and synaptic plasticity (Fanara et al., 2010; Quinlan and Halpain, 1996) . Interestingly, single tau or MAP2 knockout mice develop relatively normal without severe defects (Harada et al., 1994 (Harada et al., , 2002 . Nevertheless, the combined knockout of MAP2 and MAP1B results in severe defects and indicates that some MAPs are redundant (Teng et al., 2001) .
In addition to these well-established examples of MAPs with a polarized distribution, it has more recently been shown that the +TIP EB1 is enriched in the initial segment of axons where it is believed to be important for selective sorting to axons and dendrites (Nakata and Hirokawa, 2003) . Remarkably, whereas typically EB1 selectively decorates growing microtubule plus ends in a comet-shaped distribution, it appears that in the initial segment EB1 proteins label the microtubule lattice.
Actin organization in mature neurons
The other abundant constituent of the neuronal cytoskeleton that possesses an intrinsic asymmetry are actin filaments (F-actin). Actin filaments assembles from G-actin (globular actin monomers) into a two-stranded helical structure with two distinct ends termed barbed (plus-)end and pointed (minus-)end (based on the arrowhead pattern that appears on electron micrographs upon decoration with myosin fragments) (Pollard and Cooper, 2009 ). The dynamic behavior of the actin cytoskeleton near the cell membrane makes it one of the key players in cellular morphology (Pollard and Cooper, 2009 ). Actin growth often selectively occurs at the barbed end, while at the same time actin monomers dissociate from the pointed end. Several actin nucleating factors have been identified (Campellone and Welch, 2010) , including the well-characterized Arp2/3 complex that nucleates new actin filaments from the sides of existing ones to form a dendritic structure with most barbed ends oriented similarly within an angle of 70 degrees. The activity of Arp2/3 is regulated by factors near the cell membrane (Pollard, 2007) . As a consequence, the actin network is highly enriched at the cell cortex and oriented more or less perpendicular (~55-125°) to the cell membrane. The concerted growth of barbed ends towards the plasma membrane generates an outward force on the membrane and drives cell motility.
In the Arp2/3 assembly pathway, filaments are rapidly capped to limit their growth, resulting in an average filament length of 1-2 μm. In contrast, longer and unbranched filament growth is induced by formins that attach to the growing barbed end to catalyze monomer addition and prevent filament capping (Pollard, 2007; Pruyne et al., 2002) . In yeast and plant cells, actin filament cables formed by formin serve as tracks for transport throughout the cell (Pollard and Cooper, 2009) . In animal cells, however, actin cables of uniform polarity have only been observed in small protrusions such as filopodia and dendritic spines (Pollard and Cooper, 2009) .
In neurons, actin is particularly abundant in axonal growth cones, developing dendrites and dendritic spines (Hotulainen and Hoogenraad, 2010; Matus, 2000; Pak et al., 2008) . In dendritic spines, long filaments are predominantly present in the spine neck, whereas short, branched actin filaments are found in the spine head just underneath the postsynaptic density (PSD). Key roles of actin in mature spines include stabilization of postsynaptic proteins (Allison et al., 1998; Kuriu et al., 2006; Renner et al., 2009 ) and the modulation of spine head structure in response to postsynaptic signaling (Fischer et al., 2000; Star et al., 2002) . Several recent studies presented new insights in the organization and molecular composition of actin cytoskeleton in dendritic spines (Honkura et al., 2008; Hotulainen et al., 2009; Korobova and Svitkina, 2010) . For example, electron microscopy revealed that both the spine neck and head exhibit a continuous network of both branched and long, linear actin filaments (Korobova and Svitkina, 2010) . In addition, actin filaments in the neck of dendritic spines were shown to exhibit mixed polarity, although the barbed ends are predominantly oriented away from the dendritic shaft (Hotulainen et al., 2009; Korobova and Svitkina, 2010) .
Unfortunately, little is known about the precise organization of actin in the axonal and dendritic shafts in mature neurons. Most evidence suggests that actin is present as short, branched filaments of 1-1.5 μm oriented more or less perpendicular to the plasma membrane (Bearer and Reese, 1999; Fifkova and Delay, 1982) . Ultrastructural work in squid axons revealed a subset of actin to be aligned with microtubules (Bearer and Reese, 1999) , whereas occasional actin bundles have been reported in the dendritic shaft (Fifkova and Delay, 1982) . Spine actin filaments frequently reside on and branch off microtubules in the dendritic shaft (Korobova and Svitkina, 2010) . Interestingly, recent papers proposed that in the axon initial segment actin displays a specialized organization (Lewis et al., 2009; Song et al., 2009) . One paper presented evidence for an actinbased molecular sieve in the initial segment that prevents the diffusional entry of large macromolecules and isolates the axon from the cell body (Song et al., 2009) , which would be consistent with a highly branched actin network with small mesh sizes. In contrast, other work proposed an axonal actin organization that promotes retrograde transport by Myosin-Va (Lewis et al., 2009), which would require relatively long filaments of uniform polarity oriented parallel to the axon long axis. Future electron tomography studies would be required to reveal the actin cytoskeleton organization at the initial segment.
Cytoskeleton-governed sorting mechanisms
In the previous section we have shown that the cytoskeletal organization differs in multiple ways between axons and dendrites. Microtubules are abundant in both the axonal and dendritic shaft, but whereas microtubules in axons are uniformly oriented with plus-ends pointing outward, microtubule orientations are mixed in (proximal) dendrites. Axonal and dendritic microtubule arrays furthermore differ in patterns of post-translational modifications. Actin filaments are enriched in local structures such as growth cones and dendritic spines, where they are organized into specific array with a certain degree of overall polarity. In this section, we will discuss how these specific cytoskeletal organizations contribute to polarized transport by influencing the behavior of cytoskeletal motor proteins.
Microtubules and polarized transport Microtubule orientations and polarized transport
The uniform orientation of microtubules in axons allows kinesin motors to drive anterograde transport in axons, whereas dynein drives retrograde transport (Vale, 2003; Welte, 2004) . In contrast, microtubules in the proximal region of dendrites lack an overall polarity, which raises important questions about the establishment of directional transport in dendrites. How can directional transport be established if plus-and minus-end directed motors themselves are able to move bidirectionally on mixed microtubule arrays in dendrites? Whereas in axons selective activation of either kinesin or dynein will determine the direction of transport, selective activation of unidirectional motors on a uniformly mixed microtubule array will not determine directionality unless motor proteins use subsets of uniformly oriented microtubules. On the other hand, the presence of minus-end distal oriented microtubules in dendrites and not axons suggests that recruitment of the microtubule minus-end directed motor protein dynein could establish selective transport from the cell body to dendrites .
Recent work addressed these questions using a novel and wellcontrolled cargo trafficking assay in hippocampal neurons to selectively probe specific motor protein activity (Fig. 2) . The assay exploits the rapamycin-based dimerization technology in which a cell-permeable small molecule (rapalog) triggers the heterodimerization of two engineered protein domains, FRB and FKBP (Clackson et al., 1998) . The FKBP domain was targeted to peroxisomes by expressing PEX-RFP-FKBP, a fusion construct of PEX3-RFP, peroxisomal membrane targeting signal coupled to the Red Fluorescent Protein (RFP) and FK506-Binding Protein 1 (FKBP) (Figs. 2A-D) . The FRB domain was fused to a variety of motor proteins and motor-cargo adaptors, such that addition of rapalog1 recruits them to peroxisomes and induces their motility ( Figs. 2A-D) . The advantage of this approach over probing normal cargo trafficking is that it directly probes the motility of specific motor proteins, rather than probing the combined activity of highly regulated and continuously changing combinations of different motors typically recruited to cargo (Karcher et al., 2002; Schlager and Hoogenraad, 2009; Vale, 2003) . It thus allows to carefully examine how specific motors move over the specialized cytoskeletal arrays in neurons.
When the rapalog-induced system was used in mature hippocampal neurons to recruit dynein to peroxisomes that were initially immobile near the neuronal cell body, a rapid and selective redistribution to dendrites was observed (Figs. 2H,J) . Highresolution imaging of individual peroxisome trajectories revealed that their dynein-driven motility comprised both anterograde and retrograde runs, often interspersed with brief pauses without motility. This is consistent with the organization of the underlying microtubule network and excludes a model in which directional motility is established by using only a subset of uniformly oriented microtubules. Rather, it suggests that dynein motors attached to the same peroxisome can interact with multiple microtubules. Pauses most likely occur because an identical number of motors bind to opposing microtubules.
These results revealed that the recruitment of dynein is sufficient to induce selective cargo transport to dendrites. To test whether dynein was also necessary for the selective transport of dendritic cargo, the effect of dynein inhibition on the polarized distribution of the dendritic AMPA receptor subunit GluR2 was examined. Whereas in control neurons GluR2 was selectively present in dendrites, such polarized distribution was no longer present in cells where dynein is inhibited by p50/dynamitin overexpression. Instead, GluR2 was now also found in axons, indicating that dynein is both necessary and sufficient for dendrite selective transport . This is consistent with earlier work reporting that, in Drosophila dendritic arborization (da) neurons, dynein is also necessary for the dendrite-specific localization of Golgi outposts and the sodium channel Pickpocket (Zheng et al., 2008) . In addition, recent work in C elegans revealed a cyclin-dependent kinase pathway regulating axonal targeting, disruption of which resulted in overactivation of retrograde axonal transport as well as dendritic entry of axonal cargo, indicating that also in this system recruitment of dynein induces dendritic transport (Ou et al., 2010) .
Microtubule modifications and polarized transport
Remarkably, when the rapalog-induced heterodimerization approach was used to recruit Kinesin-1/KIF5 to peroxisomes, no dendritic targeting was observed (Figs. 2E, G) . Instead, all motile peroxisomes selectively targeted the axons. This intriguing behavior is consistent with previous reports that examined the distribution of constitutive active kinesin motor constructs and observed selective accumulation in axonal and not dendritic tips (Nakata and Hirokawa, 2003) . In both approaches, treatment of neurons with the microtubule stabilizer paclitaxel abolished the selective axonal targeting and dendritic entry of kinesin-1 was observed Nakata and Hirokawa, 2003) . Selective targeting of kinesin-1 to a specific neurite appears to be a very early event during neuronal development and has also been demonstrated in unpolarized stage 2 neurons, although at that stage kinesin motors can still collectively switch to a different neurite over a time course of several minutes (Jacobson et al., 2006) . Interestingly, neurons cultured in the presence of paclitaxel develop multiple axons . Moreover, stabilization of microtubules in a specific neurite of an unpolarized stage 2 neuron using photo-activatable paclitaxel increases its chances to become the future axon . Together, these results indicate that kinesin recognizes specific features of stable microtubules, most likely modifications such as detyrosination and acetylation.
Early work examining the role of post-translational modification on kinesin motility examined the distribution of the kinesin-1 cargo JIP1 in unpolarized stage 2 neurons (Reed et al., 2006) . Hyperacetylation induced by inhibition of a tubulin deacetylase causes JIP1 cargo accumulation in all tips, rather than in a subset of neurites as observed in control cells. Biochemical evidence furthermore revealed that kinesin-1 has an increased affinity for acetylated microtubules (Konishi and Setou, 2009) , consistent with the observation that in COS7 cells, kinesin-1 motility occurs predominantly over modified microtubules . It was proposed that acetylation of microtubules was the major determinant for the selective motility of kinesin-1 motors into specific neurites. Nevertheless, subsequent work revealed that in polarized neurons (stage 3) and fully developed neurons (stage 5), deacetylase inhibitors did not affect the selective transport of kinesin-1 to axons (Hammond et al., 2010) .
Kinesin-1 also preferentially binds detyrosinated microtubules (Liao and Gundersen, 1998) , which are also enriched in the axon. Recent work identified a specific region in kinesin-1, termed β5-L8, to be responsible for this preference (Konishi and Setou, 2009 ). Mutant kinesin-1 in which four amino acids (TERF) of this region were replaced by those found in KIF1A (SKLA) or by SKLS located to both dendrites and axons. On the other hand, replacing the SKLA sequence in kinesin-3/KIF1A to TERF did not change KIF1A distribution. Whereas wildtype kinesin-1 fragments displayed enhanced binding to detyrosinated microtubules obtained by in vitro detyrosination, binding of SKLS containing fragments to nonmodified microtubules was already high and did not further increase upon detyrosination. Thus, the TERF motif decreases the affinity of kinesin-1 for tyrosinated microtubules, rather than generating increased affinity for detyrosinated microtubules. Upon knockdown of tubulin tyrosin ligase (TTL) in one week old neurons, the fraction of dendrites that contained kinesin-1 increased. However, unlike treatment with paclitaxel Nakata and Hirokawa, 2003) , TTL knockdown did not induce kinesin-1 accumulation at dendritic tips, suggesting that kinesin-1 recruitment to dendrites was not very efficient.
Microtubule associated proteins and polarized transport
Several pieces of evidence suggests that unlike kinesin-1, kinesin-2 and kinesin-3 are relatively insensitive to microtubule modifications Konishi and Setou, 2009) . Nevertheless, when the motility of the kinesin-2/KIF17 was examined using the peroxisome motility assay, the peroxisomes predominantly targeted axons rather than dendrites . Moreover, dendrites still contain a large number of detyrosinated and acetylated microtubules and it is not clear why these microtubules do not allow for kinesin-1 driven transport into dendrites . These results suggest that, besides the described roles for microtubule acetylation and detyrosination, additional mechanisms may prevent kinesin-1 and kinesin-2 from actively moving into dendrites. One potential mechanism could involve the precise orientations and length distribution of the microtubules in the initial segment of dendrites. In addition, specific MAPs found in dendrites could negatively regulate kinesin motility.
As discussed earlier, microtubules in axons and dendrites are spaced differently, which is presumably determined by the dendrite-specific presence of MAP2. So far, there is no evidence that this different spacing affects the transport efficiency of specific motor proteins. In contrast, how the presence of MAPs on the microtubule lattice directly affects motor protein motility has been studied in several in vitro motility assays. For example, a direct comparison of the response of kinesin and dynein motors to permanently immobilized tau road blocks suggested that dynein was less affected by the presence of such roadblocks (Dixit et al., 2008) . How such in vitro effects relate to intracellular transport and whether they could contribute to polarized transport is not directly evident, given that many MAPs are not statically bound to microtubules, but instead turn over quite rapidly (Konzack et al., 2007) . One study reported that specific neuronal activity-promoting treatments increased polyglutamylation of microtubules, which resulted in increased MAP2 binding to microtubules and concomitant impaired transport of cargo positive for the scaffold protein gephyrin (Maas et al., 2009) . A direct role of MAPs in guiding polarized transport seems unlikely, as tau and MAP2 knockout mice develop relatively normal. On the other hand, a negative role on axonal transport of abnormally phosphorylated tau is well documented and implicated in several neurodegenerative disorders (Konzack et al., 2007) . In these cases, mutations and modifications in tau not only impair its ability to bind, stabilize, and assemble microtubules, but often lead to protein aggregates that may physically block axonal transport (Ebneth et al., 1998; Stamer et al., 2002) .
Actin and polarized transport
Several different myosin motors can take multiple steps over actin filaments and have been implicated in cargo transport. For example, in vitro motility experiments have shown that myosin-V and myosin-VI can move to the barbed and pointed end of phalloidin-stabilized actin filaments, respectively. Whereas myosin-V has been shown to drive long-distance transport in yeast and plant cells, a direct transport role for this motor in animal cells has remained controversial (Woolner and Bement, 2009) . One important reason for this is the lack of long actin cables with uniform polarity in these cells (Pollard and Cooper, 2009) . Nevertheless, several studies have reported the observation of 20-50 nanometer sized stepwise displacements inside animal cells, presumably driven by myosin-V. Documented trajectories in Xenopus melanophores consist of about four steps and were only observed upon disruption of either microtubules (Levi et al., 2006) , intermediate filaments (Kural et al., 2007) , or both (Kural et al., 2007) . A recent study that examined myosin-Va motility on the intact cytoskeleton of COS7 cells using internalized quantum dots decorated with myosin-V motors reported similarly short trajectories of on average five steps, interspersed with free diffusion and without an overall directionality (Nelson et al., 2009 ). These results suggest that myosin-V on its own does not support efficient long-range motility on highly branched actin cytoskeleton with short filaments.
On the other hand, myosin-V could potentially drive transport in specific compartments with straight actin cables with preferred overall polarity, such as filopodia and dendritic spines. Controlled delivery of recycling AMPA receptors and other components to the postsynaptic membrane is essential for proper spine function. Most spines are probably not frequently visited by microtubule-based motors (Jaworski et al., 2009; Kapitein et al., 2010) , suggesting a specialized role for myosin motors in the final delivery of dendritic cargo. Indeed, recent work presented evidence for a direct role of Myosin-Vb in the delivery of recycling endosomes into dendritic spines (Wang et al., 2008) .
In addition to their role in selective delivery to spines, the contribution of actin and actin-based transport to the polarized sorting of cargo was recently examined. One study revealed the existence of an actin/ankyrin-G-based filter in the axon initial segment that hinders entry of large thermally diffusing macromolecules (Song et al., 2009 ). Knockdown of ankyrin-G or disruption of actin using latrunculin A enhanced the diffusional entry of large macromolecules. Interestingly, individual kinesin-1/KIF5 and kinesin-2/KIF17 motor proteins could easily move through this barrier, whereas cargo transport was reported as approximately twofold faster if driven by KIF5 compared to KIF17 (based on recovery after photobleaching). Based on these observations, it was proposed that the identified barrier could selectively permit axonal entry of kinesin-cargo combinations with high efficacy (KIF5 plus cargo), whereas combinations with reduced efficacy (KIF17 plus cargo) would automatically target dendrites (Song et al., 2009) . Nevertheless, subsequent experiments that directly examined KIF5 and KIF17-driven cargo transport in neurons revealed that both motors, if unregulated, predominantly target axons and not dendrites . Thus, a purely size-based filter is insufficient to prevent axon entry of kinesin-driven cargo. In addition, preventing kinesin-driven cargo from entering the axon is not sufficient to target them to dendrites.
Other recent work reported that myosin-Va contributes to polarized sorting of dendrite-specific cargo, such as the AMPA receptor subunit GluR1 and potassium channel Kv4.2 (Lewis et al., 2009 ). Upon myosin-Va knockdown or overexpression of a dominantnegative construct, the polarized distribution of GluR1 and Kv4.2 was disturbed. Disruption of actin using cytochalasin D for 16 h also disrupted the polarized distribution of dendritic cargo. However, the latter treatment potentially also affects axonal microtubule organization, as previously reported upon prolonged exposure to actin disrupting drugs (Bradke and Dotti, 2000) . Importantly, the authors could bias the distribution of non-polarized cargo towards dendrites by fusing it to a myosin-Va-binding domain from melanophilin. This effect was likely mediated by myosin-Va, as it did not occur upon myosin-Va knockdown. A model was proposed in which kinesins and myosin-Va cooperate to establish dendrite-specific cargo transport (Arnold, 2009; Lewis et al., 2009) . Kinesin motors would drive cargo both into axons and dendrites, whereas myosin Va bound to dendritic cargo would function at the axon initial segment to return mislocalized dendritic cargo to the soma. Obviously, such a mechanism requires an actin network in the axon initial segment that is more or less uniformly oriented with barbed ends pointing towards the soma. However, as discussed in the previous section, very little is known about the precise actin filament orientation and organization in the initial segment and there is currently no evidence for such a specific organization. Alternatively, Myosin-Va could contribute to long-range (retrograde) transport by locally carrying vesicles to microtubules (Bittins et al., 2010) .
Regulatory mechanisms for polarized transport
We have presented ample evidence that the neuronal cytoskeleton by itself imposes several traffic rules that govern the selective cargo transport to either axons or dendrites. For example, axon-specific microtubule modifications efficiently recruit kinesin-1 driven-transport, whereas the minus-end distal oriented microtubules in dendrites facilitate selective dynein entry into dendrites. In addition, Myosin-Vb locally exploits the actin densities and orientations near dendritic spines to deliver cargo into spines. These findings indicate that neurons can establish selective transport by just recruiting the proper type of motors to cargo or by activating specific motor proteins already present at cargo. In this section, we will highlight several mechanisms for selective motor-cargo attachment and regulation of motor protein activity.
Mechanisms of motors-cargo attachment
Many of the kinesin, dynein and myosin family members involved in cargo transport attach to distinct neuronal cargoes, indicating the existence of regulatory mechanisms that link specific motor proteins to particular cargoes at the right moment. It is well established that for many motors their non-motor tail domains or their associated subunits are important for proper cargo selection (Akhmanova and Hammer, 2010; Hirokawa and Takemura, 2005; Kardon and Vale, 2009 ). On the cargo side, several "receptor" proteins or cargo adaptor molecules that directly interact with the motor tail domains have been identified that regulate motor protein function and localization in a temporal and spatial fashion (Karcher et al., 2002) . For example, several highly conserved molecular adaptor proteins for dynein have been identified that spatially and temporally regulate cargo trafficking, such as dynactin, lissencephaly 1 (Lis1), nuclear distribution protein E (NudE) and Bicaudal D (BICD) (Kardon and Vale, 2009 ). In addition to such dedicated adaptors, recent studies have revealed a broad spectrum of attachment mechanisms that indirectly dock motors to specific cargos, such as through motor interaction with phospholipids, receptors or integral membrane proteins, other motor proteins, scaffolding proteins, signaling proteins, such as kinases and phosphatases, and small Rab GTPases and their effector proteins (Schlager and Hoogenraad, 2009) . Especially the latter class of proteins provides a versatile platform for the recruitment of specific motors to distinct cargoes.
Rab GTPases have recently emerged as key regulators of vesicle transport. Numerous different Rab proteins have been identified that mark the identity of selective subsets of vesicles (Stenmark, 2009) . Rab proteins can switch between inactive GDP-and active GTP-bound states and recruit specific effector molecules in the active state. Such effector molecules perform dedicated functions related to vesicle fate, such as the recruitment of specific motor proteins and the assembly of functional motor-adaptor-cargo complexes (Grosshans et al., 2006) . Several endosomal Rab proteins have been shown to recruit specific motors. Rab5 positive early endosomes are known to move along microtubules via KIF16b, a kinesin-3 family member. KIF16b does not bind directly to Rab5, but is targeted via the effector protein phosphatidylinositol-3-OH kinase Vps34 (Hoepfner et al., 2005) . In addition, Rab5 has been shown capable of recruiting Huntingtin associated protein 40 (HAP40) to early endosomes, which reduces endosomal motility through preferential association with actin filaments rather than microtubules (Pal et al., 2006 ). An interaction between early recycling endosomal Rab4 and kinesin-2 family member KIF3 (Imamura et al., 2003) , and Rab4 and dynein intermediate chain has been reported (Bielli et al., 2001) . Moreover, Rab7 coated late endosomal and lysosomal membranes bind to the dynein/dynactin motor protein complex via the Rab7-interacting lysosomal protein (RILP) (Cantalupo et al., 2001; Jordens et al., 2001 ). Rab7 simultaneously binds RILP and ORP1Lto form a RILP-Rab7-ORP1L complex that binds the dynein/dynactin motor complex and recruits βIII spectrin that enhances the binding of dynein to cargo (Johansson et al., 2007) . Finally, the recycling endosome GTPase Rab11 has been shown to interact with myosin Vb and dynein through its effector Rab11-family interacting protein 2 and 3, respectively (Rab11-FIP2, Rab11-FIP3) (Hales et al., 2002; Horgan et al., 2010) .
In neurons, Rab11 recruitment of myosin-Vb allows the transport of AMPA receptor containing recycling endosomes into dendritic spines (Wang and Schwartz, 2009) . In axonal compartments, it has been shown that Rab3 effector DENN/MADD is an important linker between KIF1A/KIF1Bβ motors and Rab3-containing synaptic vesicle precursors (Niwa et al., 2008) .
Regulation of motor protein activity
For most known motor proteins the capacity to make multiple steps along microtubule or actin filament depends on the coordinated and alternating action of two identical motors domains, which on their own cannot power efficient motility (Gennerich and Vale, 2009; Sellers and Veigel, 2006) . Nevertheless, some motor proteins (Myosin-VI and kinesin KIF1A) have been reported to exist predominantly as monomers in vivo (Lister et al., 2004; Okada et al., 1995) . For such motors regulatory mechanisms have been proposed in which binding of monomers to cargo triggers the formation of motile dimers (Phichith et al., 2009; Tomishige et al., 2002; Yu et al., 2009) , although recent evidence suggests KIF1A is predominantly dimeric. A different regulatory mechanism in which binding to cargo directly activates motor activity was proposed for kinesin-1 and myosin-V (Sellers et al., 2008; Verhey and Hammond, 2009) , and recently also for dimeric KIF1A . These motors are auto-inhibitory because the cargo binding tail domain can interact with the motor domains and obstruct motility. Cargo binding releases the motor domain from the tail domain and triggers motility.
In various cases, proper motor activity requires accessory proteins. For example, the dynactin complex, LIS and NudEl have been shown to increase the processivity or force-generating ability of dynein (Culver-Hanlon et al., 2006; McKenney et al., 2010) . Remarkably, motor proteins can also benefit from the presence of other motors (Ally et al., 2009) . For example, myosin-V and kinesin-1 have been shown to directly interact and enhance each other's processivity in in vitro motility assays (Ali et al., 2008 (Hoogenraad and Bradke, 2009; Wang and Schwarz, 2009) . One study proposed that the mitochondrial Miro-Milton adaptor complex is essential for the Ca
2+
-dependent regulation of mitochondria trafficking (Wang and Schwarz, 2009) . Elevated Ca 2+ levels would permit Miro to interact directly with the motor domain of kinesin-1 and prevent microtubule interactions. One interesting aspect of this model is that kinesin-1 remains associated with mitochondria regardless of whether they are moving or stationary. In summary, multiple pathways exist through which cargoes recruit specific subsets of motors. In addition, both affinity and activity of these motors can be modulated by local activity of associated proteins and local ionic conditions, for example near spines. In this way, local signaling mechanisms in axons and dendrites can coordinate the activities of several motors on one cargo.
Conclusions and future perspectives
We have summarized current knowledge about the organization of the cytoskeleton and the ways in which it imposes on motor proteins a variety of traffic rules that underlie polarized cargo sorting. This revealed that the prevailing view that kinesin and dynein act as anterograde and retrograde motors, respectively, only correctly describes transport in axons, where microtubules are oriented uniformly. Instead, most data support a model in which selective transport into axons is established by kinesins, while dynein drives selective transport to dendrites. In addition, myosin motors mediate the final delivery of post-synaptic proteins to synapses located at dendritic spines, and presumably also contribute to cargo filtering activity in the axon initial segment (Fig. 3) .
In general, the mixed microtubule orientations in dendrites prevent a clear-cut separation into anterograde and retrograde transport, as even the activity of a single type of motor will result in bidirectional runs. While such prevalence of bidirectional runs might seem inefficient and counterintuitive, it is important to realize that targeting demands differ between dendrites and axons. Anterograde transport in axons targets termini located far away from the soma and retrograde transport is required for communicating survival signals from remote distal axons to the cell body (Cosker et al., 2008) . In contrast, dendrite lengths rarely exceed 300 μm and transport needs to target destinations closely spaced along the whole length, often without a need for retrograde transport all the way back to the cell body. Dynein-driven bidirectional transport establishes a stable distribution of continuously renewing vesicles , which can be delivered to specific spines through localized activity of myosin-V (Wang et al., 2008) . Intriguingly, the mixed microtubule network emerges only in stage 4 of development , the point at which non-axonal neurites develop into branched dendrites with spines and synapses and the first point at which selective targeting into dendrites (and not axons) is required. Furthermore, while bidirectional, random motility renders vesicle transport in the dendritic shaft relatively unpredictable, precise control over the targeting of specific excitatory synapses is still possible through their isolated presence at actin-rich spines, necessitating myosin-based local delivery. Thus, the organization of the neuronal cytoskeleton matches the specific transport demands of axons and dendrites.
We will conclude this review by highlighting several unresolved issues that are of key importance for a more complete understanding of polarized transport and need to be addressed in future research.
1. Precise microtubule organization in dendrites. Most of our knowledge about the precise microtubule organization in dendrites is based on early electron microscopy examining only a limited number of dendrites. Hopefully, future work will provide a more complete description that includes the length distributions of microtubules for both orientations. In addition, +TIP tracking experiments in slices of one-year old mice should resolve the predominant orientation of microtubules in the apical CA1 dendrites (Kwan et al., 2008) . Finally, the mechanisms that establish this (scalable) distribution are unclear.
In one model minus-end distal microtubules are nucleated at the centrosome, severed by katanin and subsequently transported into the dendrites (Baas, 1999) . Nevertheless, this model does not quantitatively explain the observed dendrite length dependence. In addition, more recent work has shown that the centrosome is not required for microtubule nucleation in developing neurons (Stiess et al., 2010) . 2. What prevents dendritic entry of KIF5 and KIF17? First of all, the mechanisms that promote modifications of axonal microtubules are unknown. In addition, dendrites also contain detyrosinated microtubules, suggesting that detyrosination is not the only mechanism that triggers axonal entry of KIF5. Hypothetically, most (long) Fig. 3 . General cytoskeleton-based traffic rules for polarized neuronal transport. Morphology of a neuron surrounded by close-ups of specific compartments highlighting corresponding motor protein behavior. In axons, kinesin and dynein drive anterograde and retrograde transport, respectively. Myosin-Va potentially contributes to retrograde motility in the axon initial segment. In proximal dendrites, dynein drives transport from soma to dendrites through bidirectional runs on mixed microtubules. KIF17 moves cargo towards more distal dendritic regions, where most plus ends point outwards and myosin-Vb drives local transport from the dendritic shaft into spines.
microtubules that bridge the soma and dendrite could be oriented with distal minus ends. Alternatively, other mechanisms limit dendritic entry of KIF5 and KIF17. Importantly, it is not known if all kinesins predominantly target axons. 3. Actin organization and myosin-Va-based sorting. It is not clear how myosin-Va contributes to polarized targeting to dendrites. A direct role for myosin motors in long-range transport in animal cells has remained controversial (Woolner and Bement, 2009 ). On the other hand, a local role in retrograde axonal transport could be consistent with reported transport roles on specialized local actin structures (Wang et al., 2008) . Ultra-structural work on actin organization in the axon initial segment and live-cell experiments examining myosin-Va motility are needed to address these issues. 4. How do different motors cooperate? Future work using inducible recruitment of motors should reveal how recruitment of opposite polarity motors or myosin-based motors affects transport. In addition, better control over the number of recruited motors might be achievable through the use of functionally controlled systems, such as the PIM (particles induced by multimerization) assay . 5. How is motor activity regulated? Much more work is needed to resolve the molecular mechanisms that control specific motor activity. For example, dynein motors needed for retrograde axonal transport or myosin-Va motors required at axonal growth cones should be kept inactive when first entering the axon to prevent premature return (Lewis et al., 2009; Vale, 2003) . Furthermore, since KIF17 is involved in dendritic transport of NMDA receptors (Setou et al., 2000) , it should be kept inactive in the cell body to prevent axonal entry. 6. Which signaling mechanisms regulate polarized trafficking? Only a limited number of studies has examined potential signaling pathways coordinating polarized transport. From C. elegans, it known that LRK-1 kinase, a homolog of the familial Parkinsonism gene PARK8/LRRK2 regulates the polarized trafficking of synaptic vesicles to axons (Sakaguchi-Nakashima et al., 2007) . Moreover, the axon guidance cue UNC-6/netrin and its receptor UNC-5 control the polarized distribution of synaptic vesicles and active zone proteins by inhibiting their inappropriate localization to dendrites (Poon et al., 2008) . Nevertheless, the precise mechanisms by which such signaling molecules regulate polarized cargo transport have remained largely unknown.
